Problem statement: Three broad morphological zones and several sub-zones were differentiated within the weathering profile based on variations in earth materials and the degree of preservation of original bedrock minerals, textures and structures. Approach: The topmost Zone I (Grade 6) is some 12 m thick and comprises completely weathered bedrock materials (mainly a stiff, clayey sand) with indistinct relict bedrock textures. Results: The intermediate Zone II (Grades 3, 4 and 5) is some 30 m thick and consists of in situ, moderately to highly weathered bedrock materials (mostly friable, gravelly silty sands and coreboulders) that indistinctly to distinctly preserve the original bedrock minerals, textures and structures; the degree of preservation increasing with depth. The bottom Zone III (Grade 2) consists of continuous bedrock with effects of weathering only along and between structural discontinuity planes; the earth materials of zones I and II thus representing the residual soil over bedrock. Constant volume samples show a general increase in porosity, silt and clay fractions up the weathering profile, but a corresponding decrease in the sand and gravel fractions with sub-zone IC having the highest density and lowest porosity. Soil-moisture retention curves, determined with the pressure plate method, show increasing suctions from 0-4.19 pF (0 to -1,500 kPa) with decreasing moisture contents of 35-18% for sub-zone IC samples, 32-7% for sub-zone IIB samples and some 25-4% for sub-zone IID samples. Conclusion/Recommendations: These soil-moisture retention variations reflect textural differences and point to the inherent role of suction in the unsaturated earth materials. Differences in the volumes of calculated drainage and storage pores indicate that the earth materials of sub-zone IC will have the lowest rates of infiltration and percolation, whilst those of subzone IID will have the fastest rates and those from sub-zone IIB, intermediate rates.
INTRODUCTION
In humid tropical areas as Peninsular Malaysia, high temperatures, moderate to high rainfalls, low surface denudation rates and stable landscapes of considerable antiquity have provided a geomorphological bias that has allowed for deep weathering (Raj, 2009) . As weathering occurs in situ, the weathered materials have accumulated at the sites of formation and given rise to thick mantles of weathered materials (or regoliths) over bedrock. Variations in the degree of preservation of the minerals, textures and structures of the original bedrock are seen in the regoliths; the vertical sequence of materials of different composition extending upwards to the ground surface from the unaltered bedrock below being known as the weathering profile (Raj, 2009) .
The weathering profiles are found in undulating to hilly and mountainous terrain and often considered to be equivalent with 'residual soils', though the term 'residual soil' should strictly only refer to that part of the weathering profile whose economic excavation would not require the use of explosives (United States Bureau of Reclamation, 1974) . Weathering profiles furthermore, are usually located above zones of unconfined groundwater and they have thus been called "unsaturated soils" in geotechnical literature; such soils being characterized by the presence of suction (or negative pore-water pressures) . The relationship between moisture content and suction is expressed by the soil-water characteristic curve and is a fundamental relationship that needs to be determined in investigations of unsaturated soils (Vanapalli et al., 1996) . The soil-water characteristic curve is also important in agriculture, though here, it is known as the soil-moisture retention curve. Knowledge of the moisture retention characteristics of soils is essential to the daevelopment of effective irrigation and plant stress management techniques as suction/water relationships directly affect yield and quality of crops (Wild, 1993) .
There is limited published data on the soil-moisture retention characteristics of earth materials in Malaysia; there only being a single unpublished report describing the soil-moisture retention capabilities (determined with the pressure plate method) of samples from saprolites (morphological sub-zone IC) over weathered granite, schist, slate and basalt in Peninsular Malaysia. The soilwater characteristic curve (determined with a modified Rowe Cell) of a sandy clay sample from sub-zone IC of the weathering profile being discussed was presented in an unpublished thesis and also shown in a later published research (Mohamed et al., 2006) . In the published research (Mohamed et al., 2006) , results of a series of direct shear tests with fixed suction were presented and it was concluded that suction plays a role in increasing the shear strength of unsaturated soil; there being a non-linear failure envelope due to the non-linear soil-water characteristic curve.
There is also limited published data on the soilwater retention characteristics of earth materials in neighboring, humid tropical areas. A single published study, that discusses the soil-water characteristic curves of 'residual soils' over the sedimentary Jurong Formation and Bukit Timah Granite of Singapore Island, has concluded that the depth of weathering did not have a consistent effect on both sets of curves, though soils over the Granite had a wider range of pore sizes (Agus et al., 2001) . Several multi-variate empirical equations using a number of basic soil properties to estimate the soil-water characteristic curves of Singapore residual soils were also proposed in this study (Agus et al., 2001) .
Published literature on topics related to soilmoisture retention characteristics of earth materials in Malaysia include a study that discusses the modifications to the standard shear box that allowed the testing of samples in unsaturated conditions . Results of a series of direct shear tests with fixed suction on Grade VI weathered materials from morphological sub-zone IC of the weathering profile being discussed were presented and it was concluded that the shear strength of the samples increased with an increase in applied suction . Another published study described the response of suction to rainfall at the weathering profile being discussed; this profile being termed "an unsaturated residual soil slope of weathered granite" .
In this study, the morphological zonation of the weathering profile over the porphyritic biotite granite bedrock is first discussed in order to define the various earth materials, as well as indistinctly to distinctly preserved minerals, textures and structures of the original bedrock, present at different levels. Variations in index properties of the earth materials are investigated through the collection of constant volume samples whilst the pressure plate method was employed to determine the soil-moisture retention characteristics of samples from different morphological sub-zones. Conclusions are reached on the variation of the soilmoisture retention characteristics of the earth materials within the weathering profile as well as the implications in terms of their shear strength.
Geological setting of investigated weathering profile:
The investigated weathering profile is exposed at the slope cut at Km 31 of the Kuala Lumpur-Karak Highway and is developed over a porphyritic biotite granite (Fig. 1) . The bedrock forms part of the eastern lobe of the Late Triassic (199-210 Ma) Kuala Lumpur Granite and has given rise to a fluvially dissected, hilly to mountainous terrain of steep slopes and narrow, deep valleys. The bedrock continues to outcrop to the west over a distance of about 10 km, but to the east, is in contact with a sequence of schists and sedimentary and volcanic rocks, that occur as a roof pendant within the Main Range Granite (Raj, 1985) .
The granitic bedrock exposed at the foot of the cut is strongly jointed and cut by a number of moderately to steeply dipping faults of variable strike. A number of epidote and quartz feldspar veins with tourmaline as well as aplite and leucocratic microgranite dykes are Fig. 1 : Geological sketch-map of the Genting Sempah area, Pahang and Selangor (Raj, 1985) also seen within the bedrock. The grey bedrock is medium to coarse grained and usually porphyritic with large alkali feldspar phenocrysts (up to 4cm in length). The essential minerals are quartz, alkali feldspar, plagioclase feldspar and biotite, whilst the accessory minerals include apatite, tourmaline and zircon. Quartz occurs as anhedral crystals, filling interstices in the groundmass and sometimes forms small phenocrysts. The alkali feldspars include microcline, orthoclase and perthites and occur both as phenocrysts and as fine to medium grained crystals in the groundmass. The alkali feldspars sometimes contain quartz, biotite and plagioclase inclusions. The plagioclase feldspars, of an albite to andesine composition, are usually found as euhedral to subhedral, fine to medium grained crystals in the groundmass and are often sericitized. The biotites occur as fine to medium grained, generally euhedral crystals and are found both as disseminated grains and as aggregates within the bedrock material. Close to the faults, hydrothermal alteration of the plagioclase feldspar and biotite grains has occurred. Modal analyses of the granitic bedrock are shown in Table 1 .
Morphological zonation of the weathering profile:
Field inspection of the exposed weathering profile shows lateral and vertical variations in the degree of preservation of the minerals, textures and structures of the original granitic bedrock. Morphological criteria, including the color and texture of the weathered materials, the degree of preservation of the original bedrock textures and structures, the extent of alteration of original bedrock minerals and the percentage occurrence of litho-relicts (coreboulders), allowed differentiation of three broad Zones and several subzones within the weathering profile ( Fig. 2 and Table 2 ). These morphological zones and sub-zones can be correlated with rock mass weathering grades as discussed in an earlier study (Raj, 1985) . It is to be noted that the author prefers the morphological zonation of the weathering profile rather than the assignment of rock mass weathering grades as the morphological zonation allows recognition of relict bedrock structures; a feature of importance in discussions on the stability of slopes excavated in the earth materials of weathering profiles (Raj, 1985) .
The topmost morphological Zone 1 (Grade 6) is up to 12 m thick and consists of completely weathered bedrock materials that indistinctly preserve the textures, but not structures, of the original bedrock. The weathered materials have resulted from the operation of both geochemical and pedochemical weathering processes and can be separated into an upper, sandy clay IA soil horizon (~0.8 m thick), an intermediate, firm, sandy clay IB soil horizon (~2 m thick) and a lower, stiff to very stiff, clayey sand, IC soil horizon (or saprolite) (up to 10 m thick).
The intermediate morphological Zone II (Grades 3, 4 and 5) is up to 30 m thick and consists of in situ moderately to highly weathered bedrock materials that indistinctly to distinctly preserve the minerals, textures and structures of the original bedrock; the degree of preservation increasing with depth. This Zone can be separated into four sub-zones; the top two sub-zones IIA and IIB consisting mainly of friable, gravelly silty sands with distinct relict bedrock textures and quartz veins, but indistinct relict fracture planes. The upper IIA sub-zone is up to 6m thick and devoid of coreboulders, whilst the lower IIB sub-zone is some 7 m thick and contains a few weathered coreboulders.
In the lower sub-zones IIC and IID, unweathered coreboulders are prominent and separated by thin to broad, bands of friable, gravelly silty sands showing distinct relict bedrock textures and structures. Unweathered coreboulders form up to some 50% by area of sub-zone IIC (~8 m thick), but constitute more than 70% of the lower IID sub-zone. The bottom morphological Zone III (Grade 2) is distinct from Zone II and consists of a continuous bedrock outcrop with effects of weathering along and between, structural discontinuity planes. An upper IIIA sub-zone (~5 m thick) can be distinguished where effects of weathering are seen as narrow to broad, strips and wedges of friable, gravelly silty sands with distinct relict bedrock textures and structures, whilst in the lower IIIB sub-zone, weathering effects are only marked by thin strips of friable, gravelly silty sands along discontinuity planes.
The morphological zones and sub-zones are developed approximately parallel to the overlying ground surface; being of maximum thickness below the ridge crest and thinning towards the valley sides. The continuous granitic bedrock outcrop of Zone III has required the use of explosives for its excavation, though this has not been the case for the earth materials of morphological Zones I and II, except for a few large coreboulders. Morphological Zones I and II thus represent the 'residual soil' over the bedrock according to the definition in the USBR Earth Manual (United States Bureau of Reclamation, 1974) .
MATERIALS AND METHODS
In order to better describe the weathering profile, constant volume samples were collected at different depths (Fig. 3) to determine the index properties of weathered materials that can be classified as 'soil' in the engineering sense (Terzaghi and Peck, 1948) . These samples were collected with brass tubes of 4 cm length and 7.6 cm internal diameter; the tubes having a constant wall thickness of 0.3 cm except at one end where the lower half tapered to a thickness of 0.15 cm to provide a cutting edge. A single brass tube was first driven into the soil by hammering gently on its top until the top was flush with the ground surface. A second brass tube, with its cutting edge facing upwards, was then placed on the top of the first tube which was then driven deeper into the soil by gently hammering on the top of the second tube; a piece of wood being placed over the second tube to minimize damage to the tube and disturbance of the sample. Both tubes were then dug out from the ground by excavating the soil surrounding and underlying the tubes. The upper tube was then gently removed to leave the lower tube with the sample which was then trimmed and sealed with rubber discs that were held in place by screwed-on metal plates. Prior to sampling, the tubes were externally greased to facilitate entry into the soil, whilst materials on the slope were excavated to a depth of some 0.5 m to minimize surface disturbance. Prior to sampling, the soil was also trimmed into an approximately cylindrical shape, slightly larger than the tube diameter, to reduce lateral compaction. The sealed tubes were taken to the laboratory where the samples were extracted and their bulk and dry densities as well as moisture contents determined. Specific gravity determinations of the solid mineral grains and particle size distributions of the samples, as well as the plastic and liquid limits of the fine fractions were then determined according to standard methods (American Society For Testing Materials, 1970) .
Samples for determination of the soil-moisture retention curves (using the pressure plate method) were also collected in the same way as those for determination of the index properties. Samples from the sealed tubes were extracted in the laboratory and cut into 5 pieces of about similar volumes which were then saturated with water by placing them on a wire gauze in a tray of water; the water level just touching the base of the samples. For complete saturation, the samples were left to stand overnight. The moisture content of one of the five saturated samples was determined, whilst the remaining four saturated samples were placed on water saturated ceramic porous plates in four separate chambers. The air pressures in the pressure chambers were then adjusted to subject the samples to different pressures; the lower side of the porous plates being exposed to atmospheric pressure. The pressures were kept constant for one week until the overflow of excess water had stopped. After release of the pressures, the samples were removed and their moisture contents then determined. The pressure plate tests were carried out at the Soils Laboratory of the then University Pertanian Malaysia (now University Putra Malaysia) where such tests were being routinely conducted for agricultural soil surveys. Results of the tests were thus provided in terms of gravimetic moisture contents and pF suction units; the pF value being the 10-base logarithm of suction in centimeters of water column h, i.e., pF = log 10 (-h). Soil suction or soil moisture tension, which is a negative pressure, is the most important soil moisture characteristic for a growing plant and is usually defined in units of bars (where 1 bar = 100 kPa). A saturated soil has a soil moisture tension of about 0.001 bars or less, whilst at field capacity, most soils have a soil moisture tension between 0.05 and 0.33 bars; field capacity being defined as the level of soil moisture left in the soil after drainage of gravitational water which frequently takes a few days to drain through the soil profile. The wilting point, which is defined as the soil moisture content where most plants cannot exert enough force to remove water from small pores in the soils, is at about 15 bars soil moisture tension for most agronomic crops. Water, held between field capacity and the wilting point is available for plant use, whilst capillary water held in the soil beyond the wilting point can only be removed by evaporation (Mohamed et al., 2006) . In view of these relationships, results of soilwater retention curves are also often expressed in terms of 'quick' and 'slow' drainage pores as well as 'storage' pores; these values being determined from the following equations: 
RESULTS
Index properties of earth materials ('soil') within the weathering profile show vertical variations and demarcate more clearly the different morphological zones and sub-zones (Table 3) . Specific gravity values of the solid mineral grains, however, do not show much variation, ranging from 2.59-2.63; a range that is not unexpected in view of the weathered and original, bedrock minerals present, that include kaolinite, sericite, biotite, quartz, alkali and plagioclase feldspars (Raj, 1985) .
The earth materials of morphological Zone I are quite distinct from those of Zone II, being characterized by large clay and silt contents in contrast to the large sand and silt contents of Zone II. Sub-zones (horizons) IA and IB furthermore, are characterized by sandy clays of low densities (1.0-1.3 g cm −3 dry density) and high porosities (>50%), whilst sub-zone IC is characterized by clayey sands of high densities (dry density >1.55 g cm −3 ) and low porosities (36-41%). This difference is expected in view of the fact that the earth materials of sub-zones IA and IB represent the "solum proper" or "layer of active soil formation", whilst sub-zone IC forms the saprolite (or parent material) for the over-lying soil horizons and has thus been influenced by processes of both geochemical and pedochemical weathering (Carrol, 1970) . The high clay contents in sub-zone IC thus result from not only the alteration of bedrock minerals but also from the illuviation of clays from the over-lying soil horizons. The fine fractions of earth materials in Zone I yield plastic limits of around 37% and liquid limits between 67 and 85%, moisture content; values that reflect the presence of kaolinite (whose presence is confirmed by X-ray diffractograms) (Raj, 1985) . The earth materials (gravelly sandy silts) of morphological Zone II also show variations in texture with depth; there being a gradual increase in clay and silt fractions up the weathering profile, but a corresponding decrease in the sand fractions. These variations in texture reflect increasing effects of geochemical weathering processes up the profile with X-ray diffractograms showing kaolinite to be the only clay mineral present in sub-zones IIA and IIB, but kaolinite and sericite to be present in sub-zones IIC and IID (Raj, 1985) . The Zone II earth materials also show variable densities and porosities; dry density ranging from 1.15-1.44 g cm −3 and porosity ranging from 45-51%. There is, however a gradual increase in porosity and a decrease in density, up the weathering profile (thus reflecting increasing effects of weathering processes) with porosities of 45 and 51%, as well as dry densities of 1.50 and 1.28, g cm −3 , in sub-zones IID and IIA, respectively. The high silt contents in the fine fractions of the Zone II earth materials furthermore, prevent realistic determination of the Liquid Limits employing the Casagrande apparatus (American Society For Testing Materials, 1970) .
Textural variations within the weathering profile are also reflected in the results of the soil-moisture (Table 4 and Fig. 4) . The clayey sand from sub-zone IC shows increasing values of suction from 0-4.19 pF (0-1,500 kPa) with decreasing moisture contents from 35-18%, whilst the gravelly silty sands from sub-zones IIB and IID, show similar increasing values of suction but with decreasing moisture contents from 32% to about 7% and from 25% to about 4%, respectively. At the maximum suction of pF 4.19 measured furthermore, the moisture content in the subzone IIB samples is about 7% whilst that in the subzone IID samples is about 4% and that in the sub-zone IC samples is about 18%. As moisture contents lower than the value at saturation give rise to suction (or negative pore water pressures), it is expected that the earth materials of sub-zone IC will have higher shear strengths (being cohesive) in comparison with the earth materials from sub-zones IIB and IID that maybe termed 'cohesionless' soils. Textural variations in the weathering profile also give rise to distinct differences in the volumes of 'drainage' and 'storage' pores calculated from the results of the soil-moisture retention curves (Table 5 ). The large drop in moisture content (about 11%) for samples from sub-zones IIB and IID between suctions of pf 0 and pF 2 indicates the presence of a large volume of 'quick drainage pores' in contrast to the sample from sub-zone IC which shows a smaller drop of some 7% for the same values of suction. The volume of slow drainage pores for all samples, however, appears to be about the same with somewhat similar drops in moisture content of between 5 and 7% between suctions of pF 2 and pF 2.54. The volume of storage pores is also distinctly different with the samples of sub-zones IIB and IID showing much larger values than the sample from sub-zone IC.
DISCUSSION
From the results just described, it is clear that there is a vertical variation in the earth materials present and original bedrock minerals, textures and structures preserved, at different levels within the weathering profile; the variations reflecting the increasing effects of geochemical and pedochemical weathering processes up the profile. Discussions on the index properties and soil-water retention capacities, of earth materials within the weathering profile (and residual soil) have therefore, to be carried out with reference to the locations of samples. Discussions without reference to the locations of samples in the weathering profiles and residual soils of humid tropical areas can therefore, be misleading given the considerable variation in textures and other features within them.
Results of the soil-moisture retention curves show variations with location of samples; a feature that is supported by a study involving the daily measurements of suction, moisture and temperature as well as rainfall, between 25/01/1992 and 12/05/1992 at depths of 30, 92 and 124 cm in morphological sub-zones IC, IIA, IIB and IIC of the weathering profile being discussed . The study showed the value of suction to vary with depth and soil weathering grade; earth materials of sub-zone IC generally having the highest values of suction and those of sub-zone IIC having the lowest values. These differences in suction were attributed to differences in infiltration rates; subzone IC having the slowest rates and sub-zone IIC having the fastest rates . The present study has shown that there are differences in the volumes of the 'quick drainage' pores present in the earth materials at different levels of the weathering profile; a feature which influences the rate of infiltration of rainwater into and rate of percolation of water through, the earth materials. In view of differences in the volumes of the 'quick drainage' pores, it is expected that the earth materials of sub-zone IC will have the lowest rates of infiltration and percolation, whilst those of sub-zones IIA and IIB will be of intermediate values and those of sub-zones IIC and IID have the fastest rates.
Differences in the volumes of the 'drainage' pores furthermore, can be correlated with the types of failures that have occurred at slope cuts excavated in similar weathered materials in the granitic bedrock areas of Peninsular Malaysia. A published study has noted that most of the failures occur during, or following, short periods (<3 h) of intense rainfall, or longer periods (>1 day) with somewhat continuous rainfall; the failures often occurring when total daily rainfall exceeds 70 mm (Raj, 2003) . Failures (earth falls and shallow slips) involving earth materials from morphological Zone I (with relatively low volumes of 'drainage' pores) have been preceded by the development of tension and desiccation, cracks that have increased their infiltration rates, whilst the failures (slumps, slump-flows and flow-slides) involving earth materials from morphological Zone II (with relatively large volumes of 'drainage' pores) have occurred without the development of desiccation cracks (Raj, 2003) .
The soil-moisture retention curves finally show that the earth materials in the weathering profile experience increasing suction (or negative pore water pressures) with decreasing moisture contents (less than the value at saturation), i.e., when they desaturate (Vanapalli et al., 1996; Mohamed et al., 2006) . Suction within unsaturated or partly saturated soils is an most important phenomenon that can be said to enhance the shear strength of the soils (Vanapalli et al., 1996) ; some authors considering suction to act as 'apparent cohesion (Lumb, 1975) '. In view of the vertical variations in the soil-moisture retention characteristics shown by this study, it is expected that there will be vertical variations in the role of suction in contributing to the shear strengths of the earth materials within the weathering profile. This feature is exemplified in the failures that have occurred at other slope cuts excavated in similar weathered materials in the granitic bedrock areas of Peninsular Malaysia (Raj, 2003) . Failures involving the 'cohesive' earth materials of morphological Zone I have mostly occurred at cuts with steep overall slope angles (>60°), whereas failures involving the 'cohesionless' earth materials of morphological Zone II have occurred at cuts of moderate to steep overall slope angles (>45°) (Raj, 2003) .
CONCLUSION
It is concluded that there is a vertical variation in the earth materials present, as well as original bedrock minerals, textures and structures preserved, at different levels within the weathering profile; the variations reflecting the increasing effects of geochemical and pedochemical weathering processes up the profile. The weathering profile can be differentiated into three broad morphological zones and several sub-zones that can be correlated with rock mass weathering grades. The topmost Zone I (Grade 6) is some 12m thick and comprises completely weathered bedrock materials (mainly stiff, clayey sand) with indistinct relict bedrock textures. The intermediate Zone II (Grade 3-5) is about 30 m thick and consists of in situ, moderately to highly weathered bedrock materials (mostly friable, gravelly silty sands and coreboulders) that indistinctly to distinctly preserve the original bedrock minerals, textures and structures; the degree of preservation increasing with depth. The bottom Zone III (Grade 2) consists of continuous bedrock with effects of weathering only along and between structural discontinuity planes; the earth materials of Zones I and II thus representing the residual soil over bedrock. Constant volume samples show a general increase in porosity, silt and clay fractions up the weathering profile, but a corresponding decrease in the sand and gravel fractions with sub-zone IC having the highest density and lowest porosity.
Soil-moisture retention curves, determined with the pressure plate method, show increasing suctions from 0-4.19 pF (0 to -1,500 kPa) with decreasing moisture contents of 35-18% for sub-zone IC samples, 32-7% for sub-zone IIB samples and some 25-4% for sub-zone IID samples. These soil-moisture retention variations reflect textural differences and point to the inherent role of suction in the unsaturated earth materials. Differences in the volumes of calculated drainage and storage pores indicate that the earth materials of sub-zone IC will have the lowest rates of infiltration and percolation, whilst those of sub-zone IID will have the fastest rates and those from sub-zone IIB, intermediate rates.
